The Waterlogging Tolerance of Wheat Varieties in Western of Turkey by Yavas, Ilkay et al.
The Scientiﬁc World Journal
Volume 2012, Article ID 529128, 7 pages
doi:10.1100/2012/529128 The  cientiﬁcWorldJOURNAL
Research Article
TheWaterlogging Toleranceof Wheat Varietiesin
Western of Turkey
I lka yY a vas,A y dinU na y,andM e h m etA y din
Kocarli Vocational High School, Adnan Menderes University, 09100 Aydın, Turkey
Correspondence should be addressed to Ilkay Yavas, iyavas@adu.edu.tr
Received 11 October 2011; Accepted 14 November 2011
Academic Editors: M. Cresti and M. N. V. Prasad
Copyright © 2012 Ilkay Yavas et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This research was conducted to determine the wheat varieties against waterlogging which was clearly increased in recent years. For
this purpose, this study was performed at Field Crops and Soil Science Department of Agricultural Faculty of Adnan Menderes
University during wheat growth stages of 2007-2008. The experimental design was randomized complete block design with split
split plot arrangements. The main plots were temperature applications (heat and normal), the growth periods (Zadoks scale;
GS14, GS32, GS14 + GS32, and control) were split plots and varieties were split-split plots. The eight diﬀerent wheat varieties
were evaluated in the pots. The waterlogging was performed during GS14, GS32 and GS14 + GS32. In a pot experiment, plants
were subjected to waterlogging to the soil surface for 10 days. All applications and varieties decreased the single plant yield. The
waterlogging caused a yield loss compared with wheat grown on well-drained soil. In this study, the crop loss due to waterlogging
is highly temperature dependent. The severity of the eﬀects of the waterlogging depends on the growth stage of the plot. When all
applications were compared with control by means of yield performance, Sagittario and Basribey varieties were less aﬀected than
the others.
1.Introduction
Cereals are the basic products used in human nutrition.
Wheat is great importance in cereals. The world annual
wheat production is around 689 million tons and plant area
is 223 million hectares. The wheat production is 17.8 million
tons and plant area is 7.6 million hectares in Turkey [1].
Worldwide, about 10% of all irrigated land suﬀers from
waterlogging. Soaking of agricultural land is caused by
a rising water table or excessive irrigation. Waterlogging
compacts soil, deprives roots of oxygen, and contributes to
salinization. Waterlogging is common in wheat following
rice, with plants turning yellow due to oxygen stress. Water-
logginghasbeenshowntolimitwheatyieldsinmanyregions
of the world; an area about 10 million ha is waterlogged each
year in developing countries [2].
Wheat has high adaptability for all kinds of climates and
regions. Waterlogging which causes oxygen deﬁcieny, will
prevent to root and shoot growth, reduce the accumulation
of dry matter and as a result of these yield will reduce.
Especially, February and March rainfalls in western Turkey
lead to the breakdown of cultivated ﬁelds and reduction of
the yields. Wheat (Triticum aestivum L.) is one of the most
intolerant crops to soil waterlogging [3]. Prolonged periods
of rainfall combined with poor soil drainage often cause
low oxygen in the soil. Decrease in soil O2 content, under
ﬂooded conditions, is often accompanied by increase in soil
CO2 and ethylene content. Such changes have detrimental
eﬀects on root and shoot growth of wheat [4]. Productivity
from soils susceptible to waterlogging may be increased
by drainage and the introduction of waterlogging-tolerant
genotypes [3]. High temperatures tend to exacerbate the
negative eﬀects of waterlogging. Yield is aﬀected diﬀerently,
depending on the crop’s stage of development at the time
stress is applied [5]. On waterlogged sites, plants show
chlorosisandnecroticspotsonolderleaves.BothMntoxicity
and N deﬁciency may be induced by the low redox potential
in waterlogged soils that produces plant-available Mn2+ and
promotes denitriﬁcation of NO3
−. Under these anaerobic
conditions, root metabolism and root growth are inhibited,
since the lack of O2 aﬀects the energy status of the plant [6].
The colder soil temperatures associated with waterlog-
ging in winter-wheat growing areas reduce the amount of
oxygen required for root respiration. Thus yield reductions2 The Scientiﬁc World Journal
Table 1: The variance analysis results of soil Fe, Mn, and P contents
at three growing stages in diﬀerent waterlogging applications.
Mean squares
source df Fe Mn P
Conditions 1 144.95∗ 0.484 32.711
Growing stage 3 89.78∗ 58.41∗∗ 267.18
Interaction 3 35.89 4.54 30.58
Error 64 32.07 11.28 103.83
Total 71
∗P<0.05, ∗∗P<0.01.
associated with waterlogging in colder areas are not as great
asthoseinthemoretemperateandtropicalareasoftheworld
[7]. Similarly, some studies show that soil oxygen decline
under waterlogging is rapid at most temperature ranges [8].
Chlorosis of lower leaves [9], decreased plant height and
lower number of spike-bearing tillers [10], reduced root
and shoot growth [11] in the wheat waterlogging areas. The
u p t a k eo ft r a c em e t a l sb yt w op l a n ts p e c i e s( F r e n c hb e a n
and maize) has been measured on two soils subjected to
various waterlogging regimes. Uptake of both manganese
and iron was increased due to soil waterlogging, although
reoxidation of the soil aﬀected iron more than manganese.
The abilities of these species to take up trace metals from
soil followed the pattern predicted by selective extraction of
soil for manganese, iron, and cobalt, but not for zinc and
copper [12]. In waterlogged acidic soil, shoot concentrations
of aluminum (Al), manganese (Mn), and iron (Fe) increased
by two- to 10-fold, and in some varieties they were above
critical concentrations compared with plants in drained soil.
These elements decreased or remained the same in shoots of
plants grown in waterlogged neutral soil [13]. The greater P
uptake per unit of root biomass was a consequence of (1)
an increase in soil P availability induced by waterlogging, (2)
a change in root morphology, and/or (3) an increase in the
intrinsic uptake capacity of each unit of root biomass. Soil
P content was higher during waterlogging periods and the
roots of waterlogged plants showed a higher physiological
capacity to absorb P. Soil P availability was higher during
waterlogging periods, roots of waterlogged plants showed a
morphology more favorable to nutrient uptake (ﬁner roots)
and these roots showed a higher physiological capacity to
absorb P [14].
Waterlogging is a serious environmental stress on winter
wheat grown in western Turkey. In this study, the aim was
the determination of tolerant varieties to waterlogging con-
ditions, eﬀects of temperature, and growing stages.
2.MaterialsandMethods
This study was conducted in 2007-2008 at the Field Crops
DepartmentoftheFacultyofAgricultureatAdnanMenderes
University in Aydin, Turkey. Aydin province is situated at 37◦
39  Ea n d2 7 ◦ 52  N in the west Aegeon Region of Turkey,
and typical Mediterranean climatic conditions are dominant
in Aydin. To evaluate losses from waterlogging under pot
Table 2: The average values of soil Fe, Mn, and P contents at three
growing stages in diﬀerent waterlogging applications.
Fe Mn P
Conditions
Heat 19.85 b∗ 11.70 27.46
Normal 22.69 a 11.15 26.12
LSD(0.05) 2.67
Growing Tillering + Jointing
(GS14 + GS32) 23.52 a 13.45 a 28.83
Stages
Jointing (GS32) 22.10 ab 11.21 ab 24.49
Tillering (GS14) 20.77 ab 11.91 ab 31.10
Control 18.68 b 9.11 c 22.73
LSD(0.05) 3.78 2.33
∗Within each column, means followed by a diﬀerent letter are signiﬁcantly
diﬀerent at 5% level.
experiments, 8 wheat genotypes were grown under no
waterlogging (control) and 10 days of continuous ﬂooding,
GS14, GS32, and GS14 + GS32 [15]. After ﬂooding the pots
were allowed to come normal dry conditions by evaporation
and plant use but without draining. Suﬃcient water was
applied to waterlog from the top down, by applying water in
excessoftherateatwhichitcouldinﬁltratethesoil,indicated
bysurfacepooling[16].Soilironandsoilmanganesecontent
(DTPA analysis, [17]), and soil phosphorus content [18]
were determined.
The experimental design was randomized complete
block design with split-split plots. The main plots were
temperature applications, the growth plots were Split Plots
and varieties were split-split plots. Data on plant height,
tiller number, root biomass, shoot biomass, single plant
yield, soil iron content, soil manganese content, and soil
phosphorus content were taken on ﬁve plants per pot,
and means were used for data analysis. The experiments
were designed in split-split plot design with 3 replications.
To increase the temperature, low tunnels were used. The
growing conditions (low tunnel and normal) were the main
plots, growing periods (GS14, GS32, and GS14 + GS32) were
the subplots and cultivars (Golia, Gonen, Basribey, Adana
99, Cumhuriyet 75, Sagittario, Pamukova, Negev) were sub-
subplots. The wheat varieties were sown on 27.11.2007 and
harvested at 23.05.2008. At maturity, plants were harvested
andthreshedmanually.Thedataregardingplantheight,tiller
number, root biomass, shoot biomass, single plant yield, soil
iron content, soil manganese content and soil phosphorus
content were recorded. The signiﬁcance of main eﬀects and
interactions was determined at the 0.05 and 0.01 probability
levels by the F-test. Means of the signiﬁcant (P ≤ 0.05)
main eﬀects and interactions were separated using Fischer’s
protected LSD test at P = 0.05. The data were statistically
analyzed by using a standard analysis of variance technique
for a split-split plot design using Tarist software [19].
3. Results
The soil iron, manganese, and phosphorus contents were
given at Table 1.T h ed i ﬀerence between heat and normalThe Scientiﬁc World Journal 3
Table 3: Results of variance analysis for some characters in normal
conditions.
Means of square
df PH TN SB RB SPY
Stage 3 4645.7∗∗ 15.100∗∗ 1.834∗∗ 0.001 5.567∗∗
Cultivar 7 423.802∗∗ 2.645∗∗ 1.789∗∗ 0.146∗∗ 1.949∗∗
Stage ×
Cultivar 21 51.102∗∗ 1.063∗∗ 0.075∗∗ 0.127∗∗ 0.262∗∗
∗P<0.05, ∗∗P<0.01. Plant height, TN: tiller number, SB: shoot biomass,
RB: root biomass, SPY: single plant yield.
conditions for soil Fe and the accumulation of Fe and Mn
for diﬀerent growing stages were signiﬁcant (Table 1).
The soil Fe content in normal condition was found sig-
niﬁcantly higher compared with heat condition (Table 2).
During waterlogging, O2 in the soil is rapidly depleted, and
the soil may become hypoxic or anoxic within a few hours.
Moreover, some waterlogged soils become rich in Mn2+ and
Fe2+. Waterlogging stress leads to changes in soil conditions
which may aﬀect plant growth through oxygen deﬁciency,
reduced nitrogen availability, or manganese toxicity and so
on [20].
Table 3 showed the results of variance analysis of the
plant height, tiller number, shoot biomass, root biomass,
and single plant yield. The results showed that the stage and
cultivar factors and their interactions were found signiﬁcant
except for root biomass at growing stage factor.
Table 4 was that the the results of variance analysis for
heat conditions. The results showed that stage and cultivar
interactions were signiﬁcant except for root biomass. And
the root biomass for diﬀerent stage was nonsigniﬁcant. Also,
the diﬀerences among wheat varieties were signiﬁcant for
observed characters in high temperature.
The waterlogging conditions reduced all cultivar’s height
in GS14 + GS32 than control conditions. The tiller number
at diﬀerent stage was given at Table 5. The waterlogging
reduced the number of tiller in wheat. For all treatments,
grain losses were much less than expected from the extent
of tiller loss in winter, losses after single waterlogging events
ranged from 2% (after 47 days with the water table at 5cm)
to 16% (after 80 days with the water table at the soil surface).
Yield losses after three waterlogging at the seedling, tillering,
and stem elongation stages of growth were additive, and
totaled 19% [21]. Transient waterlogging during winter and
spring reduces wheat yield. Yield reductions from waterlog-
ging are associated with reduced production and survival
of tillers, fewer and smaller fertile tillers, and smaller grain
size [22]. Waterlogging induced a transient N deﬁciency.
The N concentration of the youngest expanded leaf on the
mainstemandtillersdeclinedmarkedlyduringwaterlogging,
but its recovery 14 days after the waterlogging was ended was
independent of treatment, reaching the critical minimum
concentration of 3.5%. The growth of primary tillers 1 and
2 was severely inhibited by waterlogging while the exertion
of new tillers was delayed by 9 days [23].
Figure 1 pointed out plant height at diﬀerent stages of
wheat. Waterlogging signiﬁcantly reduced plant height and
Table 4: Results of variance analysis for heat conditions.
Means of square
df PH SB RB SPY
Stage 3 4207.480∗∗ 2.082∗∗ 0.005 6.556∗∗
Cultivar 7 199.154∗∗ 0.767∗∗ 0.093∗ 0.561∗∗
Stage ×
Cultivar 21 102.052∗∗ 0.112∗∗ 0.033 0.293∗∗
∗P<0.05, ∗∗P<0.01.Plantheight,SB:ShootBiomass,RB:RootBiomass,
SPY: Single plant yield.




Golia 0 0 3
Gonen 3 0 2
Basribey 0 0 3
Adana 99 0 0 2
Cumhuriyet 75 2 0 4
Sagittario 2 0 6
Pamukova 0 0 4
Negev 3 1 6
tillering,delayedearemergence,andresultedin8,17,27,and
39% reduction in grain yield, respectively [24].
Figure 2 showed shoot biomass at diﬀerent stage of
wheat. The waterlogging conditions reduced the shoot bi-
omass values.
The other important characteristic for waterlogging is
root biomass examined at Figure 3. The lowest root biomass
value was found in Adana 99 at GS14. On the other hand
the best cultivar was Cumhuriyet 75. Doubled haploid lines
grown in waterlogged soil for 49 days ranged from 82%
reductions in biomass at the end of waterlogging in acidic
soil [25].
The single plant yield values for diﬀerent stages were
given at Figure 4. Results indicated that signiﬁcant linear
responses were found for yield. Reduction of the number of
spike after the waterlogging caused a signiﬁcant decrease of
single plant yield.
4. Discussion
Sparrow and Uren [26] and Wagatsuma et al. [27] stated
that soil Mn concentration that could be toxic to plant
growth increased in waterlogging. Similarly, mineral Fe
coating of epidermal surface of roots increased under
waterlogging [28]. In addition, Belford et al. [29] revealed
that decreased soil oxygen was generally greater at warmer
temperature. Also, in our study the soil Fe and Mn contents
of nonwaterlogging pots (control) had signiﬁcantly lower
values, whereas waterlogging applications in both jointing
and tillering signiﬁcantly increased soil Fe and Mn contents.
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Figure 2: Shoot biomass at GS14, GS32, GS14 + GS32, and control. HT: high temperature, N: normal, C: control.
growing stages prepared a suitable condition to evaluate
wheat varieties response to waterlogging.
There are signiﬁcant diﬀerences in waterlogging toler-
ance for diﬀerent growing stages. Diversity occurs in the
timing, duration, and severity at waterlogging stress [30].
The highest plant height was found in Adana 99, Golia,
Gonen, Sagittario, Basribey and Pamukova were negatively
aﬀected in the GS14 (high temperature) and GS14 +
GS32 (normal conditions) for plant height. The eﬀects of
waterlogging on the Basribey and Adana 99 occurred in the
GS14 + GS32 (normal conditions) negatively aﬀected in the
early growing stages and increased temperatures (GS14; high
temperature). Negev was inﬂuenced by waterlogging which
occurred during GS14 and GS32 periods, together with heat
application. Flooding and increased temperature application
weremostsigniﬁcanteﬀectsforallcultivars.Lossescausedby
waterlogging need to be measured to determine the impor-
tance of traits used as waterlogging tolerance indicators.
Kernels per spike and plant height had a less severe reduction
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Figure 4: Single plant yield at GS14, GS32, GS14 + GS32, and control. HT: high temperature, N: normal, C: control.
Taeb et al. [32]revealedthattillernumberweredecreased
during waterlogging, tillerproduction, shoot dry matter,and
root penetration were used for screening Tritieae species for
tolerance. When these criteria were used, many wild species
expressed a level of tolerance to waterlogging that was better
than that of wheat.
By the end of the experiment, shoot mass remained
lower in plants from waterlogged treatments compared with
continuously drained control, due to lower tiller numbers.
Comparisons between alternately waterlogged and contin-
uously waterlogged plants showed that in the alternaely
waterlogged plants, shoot weights were heavier [3].
The lowest yield was observed in Adana 99 which was
exposed to waterlogging at GS32. Correspondingly, the
highest value was obtained from Cumhuriyet 75 at GS14 +
GS32. In a ﬁeld study, wheat (Triticum aestivum L.) crop
to waterlogging for 1, 2, 4, and 6 days at the time of ﬁrst
irrigation (25-day-old plants) signiﬁcantly reduced tillering
and plant height, delayed ear emergence, and resulted in 8,
17, 27, and 39% reduction in grain yield, respectively [24].6 The Scientiﬁc World Journal
The wheat varieties used as material showed diﬀerent
response to waterlogging. The signiﬁcant negative eﬀects of
waterlogging on cultivars were both tillering and jointing
stage (GS14 + GS32) with high temperature. Soil Fe and Mn
contents signiﬁcantly increased in tillering and jointing stage
waterlogging applications. Basribey and Sagittario wheat
varieties should be suggested as waterlogging tolerance
varieties. This study will play an important role for wheat
growers in the future as they will be able to make better crop
management decisions when they encounter incidence of
waterlogging.
Huang et al. [11] observed that waterlogging reduced
shoot nitrogen content,shoot, and root growth.
Abbreviations
GS14: growing stage 14
GS32: growing stage 32
GS14 + GS32: growing stage 14 + 32.
Acknowledgments
The authors express to the Adnan Menderes University Re-
search Fund for providing ﬁnancial support, project num-
ber is BAP: ZRF 07022.
References
[1] Anonymous, “FAO statistical databases, 2008,” 2010, http://
faostat.fao.org/site/567/default.aspx#ancor.
[2] K. D. Sayre, M. Van Ginkel, S. Rajaram, and I. Ortiz-
Monasterio, “Tolerance to waterlogging losses in spring bread
wheat. Eﬀect of time on onset of expression,” in Annual Wheat
Newsletter, vol. 40, pp. 165–171, 1994.
[ 3 ]C .J .T h o m p s o n ,T .D .C o l m e r ,E .L .J .W a t k i n ,a n dH .G r e e n -
way,“Toleranceofwheat(Triticumaestivumcvs.Gamenyaand
Kite) and triticale (Triticosecale cv. Muir) to waterlogging,”
New Phytologist, vol. 120, pp. 335–344, 1992.
[4] G. B. Gunther, P. Manske, and L. G. Vlek, “Root architechture.
Wheat as a model plant,” in Plant Roots the Hidden Half,W .
Yoav, A. Eshel, and U. Kafkaf, Eds., p. 120, 2002.
[5] N. Brisson, B. Rebi` ere, D. Zimmer, and P. Renault, “Response
of the root system of a winter wheat crop to waterlogging,”
Plant and Soil, vol. 243, no. 1, pp. 43–55, 2002.
[6] D. Steﬀens, B. W. H¨ utsch, T. Eschholz, T. Loˇ s´ ak, and S.
Schubert, “Water logging may inhibit plant growth primarily
bynutrientdeﬁciencyratherthannutrienttoxicity,”Plant,Soil
and Environment, vol. 51, no. 12, pp. 545–552, 2005.
[7] A. Samad, C. A. Meisner, M. Saifuzzaman, and M. van
Ginkel, “Waterlogging tolerance,” in Application of Physiology
in Wheat Breeding,M .P .R e y n o l d s ,J .I .O r t i z - M o n a s t e r i o ,a n d
A. McNab, Eds., pp. 136–144, CIMMYT, Mexico, DF, Mexico,
2001.
[8] M. C. T. Trought and M. C. Drew, “The development of
waterlogging damage in young wheat plants in anaerobic
solution cultures,” Journal of Experimental Botany, vol. 31, no.
6, pp. 1573–1585, 1980.
[9] M. van Ginkel, S. Rajaram, and M. Thijssen, “Waterlogging
in wheat: germplasm evaluation and methodology develop-
ment,” in Proceedings of the 7th Regional Wheat Workshop for
Easthern, Central and Southern Africa, D. G. Tanner and W.
Mwangi, Eds., pp. 115–124, CIMMYT, Nakuru, Kenya, 1992.
[ 1 0 ] J .G .W u ,S .F .L i u ,F .R .L i ,a n dJ .R .Z h o u ,“ S t u d yo nt h ee ﬀect
of wet injury on growth and physiology winter wheat,” Acta
Agriculture Universitatis Henanensis, vol. 26, pp. 31–37, 1992.
[11] B. Huang, J. W. Johnson, S. Nesmith, and D. C. Bridges,
“Growth, physiological and anatomical responses of two
wheat genotypes to waterlogging and nutrient supply,” Journal
of Experimental Botany, vol. 45, no. 271, pp. 193–202, 1994.
[12] K. L. Iu, I. D. Pulford, and H. J. Duncan, “Inﬂuence of soil
waterlogging on subsequent plant growth and trace metal
content,” Plant and Soil, vol. 66, no. 3, pp. 423–427, 1982.
[13] H. Khabaz-Saberi, T. L. Setter, and I. Waters, “Waterlogging
induces high to toxic concentrations of iron, aluminum, and
manganese in wheat varieties on acidic soil,” Journal of Plant
Nutrition, vol. 29, no. 5, pp. 899–911, 2006.
[14] G. Rubio, M. Oesterheld, C. R. Alvarez, and R. S. Lavado,
“Mechanisms for the increase in phosphorus uptake of water-
logged plants: soil phosphorus availability, root morphology
and uptake kinetics,” Oecologia, vol. 112, no. 2, pp. 150–155,
1997.
[15] J. C. Zadoks, T. T. Chang, and C. F. Konzak, “A decimal code
for the growth stages of cereals,” Weed Research, vol. 14, pp.
415–421, 1974.
[16] E. Dickin and D. Wright, “The eﬀects of winter waterlogging
and summer drought on the growth and yield of winter wheat
(Triticum aestivum L.),” European Journal of Agronomy, vol.
28, no. 3, pp. 234–244, 2008.
[17] W. A. Norvell and W. L. Lindsay, “Reactions of DTPA
complexes ofiron,zinc,copper, andmanganese withsoil,”Soil
Science Society of America Proceedings, vol. 36, pp. 773–788,
1972.
[18] B. Kacar, Bitki ve Topra˘ gın Kimyasal Analizleri. III. Toprak
Analizleri,E g i t i mA r a s ¸tirma Gelistirme Vakﬁ Yayinlari, 1994.
[19] N. Acikgoz, K. Ozcan, M. E. Akkas, and A. F. Moghaddam,
“PC’ler ic ¸i nv e rit a b a n ie s a s l iT¨ urkc ¸e istatistik paket: Tarist,” in
Proceedings of the Tarla Bitkileri Kongresi, pp. 25–29, London,
UK, April 1994.
[ 2 0 ]C .M .Z a i c o u ,L .C .C a m p b e l l ,a n dJ .A n g u s ,“ N i t r o g e n
application and waterlogging in wheat,” in Proceedings of the
5th Australian Agronomy Conference (AAC ’89), 1989.
[21] R. K. Belford, “Response of winter to prolonged waterlogging
underoutdoorconditions,”TheJournalofAgriculturalScience,
vol. 97, pp. 557–568, 1981.
[22] A. G. Condon and F. Giunta, “Yield response of restricted-
tillering wheat to transient waterlogging on duplex soils,”
Australian Journal of Agricultural Research, vol. 54, no. 10, pp.
957–967, 2003.
[23] D. Robertson, H. Zhang, J. A. Palta, T. Colmer, and N. C.
Turner, “Waterlogging aﬀects the growth, development of
tillers, and yield of wheat through a severe, but transient, N
deﬁciency,” Crop and Pasture Science, vol. 60, no. 6, pp. 578–
586, 2009.
[24] D. P. Sharma and A. Swarup, “Eﬀect of short-term waterlog-
ging on growth, yield and nutrient composition of wheat in
alkaline soil,” The Journal of Agricultural Science, vol. 112, pp.
191–197, 1989.
[25] T. L. Setter, I. Waters, S. K. Sharma et al., “Review of wheat
improvement for waterlogging tolerance in Australia and
India: the importance of anaerobiosis and element toxicities
associated with diﬀerent soils,” Annals of Botany, vol. 103, no.
2, pp. 221–235, 2009.
[26] L. A. Sparrow and N. C. Uren, “The role of manganese toxicity
in crop yellowing on seasonally waterlogged and stronglyThe Scientiﬁc World Journal 7
acidic soils in northeastern Victoria,” Australian Journal of
Experimental Agriculture, vol. 27, pp. 303–307, 1987.
[27] T. Wagatsuma, T. Nakashima, K. Tawaraya, S. Watanbe, A.
Kamio, and A. Ueki, “Relationship between wet tolerance,
anatomical structure of aerenchyma and gas exchange ability
among several plant species,” Agricultural Sciences, vol. 11, no.
1, pp. 121–132, 1990 (Japanese).
[28] N. Ding and M. E. Musgrave, “Relationship between mineral
coating on roots and yield performance of wheat under
waterlogging stress,” Journal of Experimental Botany, vol. 46,
no. 289, pp. 939–945, 1995.
[29] R. K. Belford, R. Q. Cannell, and R. J. Thomson, “Eﬀect of
single and multiple waterlogging on the growth and yield of
w i n t e rw h e a to nac l a ys o i l , ”Journal of the Science of Food and
Agriculture, vol. 36, pp. 142–156, 1985.
[30] T. L. Setter and I. Waters, “Review of prospects for germplasm
improvement for waterlogging tolerance in wheat, barley and
oats,” Plant and Soil, vol. 253, no. 1, pp. 1–34, 2003.
[31] A. Collaku and S. A. Harrison, “Losses in wheat due to
waterlogging,” Crop Science, vol. 42, no. 2, pp. 444–450, 2002.
[ 3 2 ]M .T a e b ,R .M .D .K o e b n e r ,a n dB .P .F o r s t e r ,“ G e n e t i c
variation for waterlogging tolerance in the Triticeae and
the chromosomal location of genes conferring waterlogging
tolerance in Thinopyrum elongatum,” Genome,v o l .3 6 ,n o .5 ,
pp. 825–830, 1993.